Summary Coastal floods are regarded as among the most dangerous and harmful of all natural disasters affecting urban areas adjacent to the shorelines. Rapid urbanization combined with climate change and poor governance often results in significant increase of flood risk, especially for coastal communities. Wave overtopping and wave run-up are the key mechanisms for monitoring the results of coastal flooding and as such, significant efforts are currently focusing on their predicting. In this paper, an integrated methodology is proposed, accounting for wave overtopping and wave run-up under extreme wave scenarios caused by storm surges. By taking advantage of past and future climatic projections of wind data, a downscaling approach is proposed, Peer review under the responsibility of Institute of Oceanology of the Polish Academy of Sciences. § The research leading to these results has received funding from the European Union Seventh Framework Programme (FP7/2007(FP7/ -2013 under Grant agreement n8 603663 for the research project PEARL (Preparing for Extreme And Rare events in coastaL regions). The research and its conclusions reflect only the views of the authors and the European Union is not liable for any use that may be made of the information contained herein.
Introduction
In recent years research efforts from several disciplines have focused on the long-term prediction of climate change and its effects, including prediction of wind and wave climate changes, intensity and frequency of rainfalls as well as changes in temperature and increase in sea level. This paper focuses on the effects of climate change on coastal zones and specifically examines the occurrence of coastal floods under climate change scenarios.
Coastal floods are complex phenomena influenced by a series of factors including the bathymetry of sea bottom, existing port and coastal works, erosion and sea level rise phenomena geometry of the urban environments (e.g. roads, buildings, drainage systems, etc.). Recent research has contributed to the development of useful tools to predict and calculate the causes of coastal flood events (Kundzewicz, 2014) arising from e.g. storms and storm surges (Anselme et al., 2011; Breilh et al., 2014; Long et al., 2014) , sea level rise (Warner and Tissot, 2012; Wiśniewski and Wolski, 2011) and tsunami (McCabe et al., 2014) . These phenomena eventually result in wave overtopping and wave run-up (Laudier et al., 2011; Lynett et al., 2010; Matias et al., 2012; Plant and Stockdon, 2015; Senechal et al., 2011; Smith et al., 2012; Stockdon and Holman, 2011) on shore and thus result in coastal flooding. During the last years the impacts of climate change on coastal flooding and on the stability and operation of ports and coastal defense structures has risen in attention, looking specifically on disaster risk resilience (Karambas, 2015; Koftis et al., 2015; Kokkinos et al., 2014) .
Moving closer to numerical modelling of coastal flood components discussed above, Chini and Stansby (2012) presented a modelling system for determining wave overtopping discharge depending on water level and nearshore wave height. Kokkinos et al. (2014) assessed wave run-up and storm surge in the Aegean Sea using large wave data characteristics proving the vulnerability to flooding for the examined coastal areas. Gallien et al. (2014) took advantage of flood field observations in order to evaluate the accuracy of two urban flood prediction models. The first one, termed static, compares water level to land elevation while the second one, and more sophisticated, is based on a hydrodynamic model using time-dependent overtopping rates and estimating the overland flow.
The issue of flood risk management in coastal regions has been on the research agendas of several national and EU funded projects (Oumeraci et al., 2015; RISC-KIT, 2015) . The present research, undertaken within the framework of the project PEARL (Preparing for Extreme And Rare events in coastaL regions) is funded under the 7th Framework Programme for Research of the European Union (FP7/2007 (FP7/ -2013 . The main goal of PEARL is to develop adaptive, sociotechnical risk management measures and strategies for coastal communities against extreme hydro-meteorological events minimizing social, economic and environmental impacts and increasing the resilience of coastal regions in Europe (Makropoulos et al., 2014 .
The approach presented in this paper is an integrated methodology for long-term prediction of climate changes and their respective impacts on coastal zones, starting from the wind climate change ending with the calculation of wave overtopping and run-up. This is achieved by the combination and cooperation of various numerical models for predicting and simulating the related natural phenomena. The case study in which the proposed methodology is demonstrated is the coastal region of Rethymno in the island of Crete, Greece. The results can be used in future plans of local authorities in order to take appropriate measures to inform the residents and to support optimum design of future protection works. Due to the methodology's generic nature, it can be applied to any coastal region. Section 2 presents the complexities of the selected area of research (Rethymno) and introduces the framework of the methodology by specifying the chain of numerical models implemented. Section 3 highlights the main assumptions and the available data used for past and future projections of local wave climate data obtained for SWAN model Ris et al., 1999) , a third-generation wave model that computes random, short-crested, wind generated waves in open sea, coastal regions and inland waters. With offshore wave data available, definition and categorization of the storm events is accomplished in order to distinguish the severity of each event. Registered flood events in the port area of Rethymno, as reported by residents' testimonials, are categorized according to wind measurements conducted by the National Weather Service. This action verifies the storm characteristics arising from the suggested approach. The simulations are then fed, as boundary conditions, into a wave propagation model (Section 4) to simulate the wave characteristics and the hydrodynamic field nearshore (MIKE21 PMS, HD (DHI, 2007a,b,c) ). Subsequently the characteristic wave height, as transformed through various physical processes (shoaling, refraction, breaking, etc.) , is used to simulate wave run-up with an improved Boussinesq-type model MIKE21BW (DHI, utilizing a number of appropriate numerical models than can simulate the wave propagation from offshore up to the swash zone. The coastal zone of Rethymno in Greece is selected as a case study area and simulations of wave characteristics with the model SWAN for the period 1960-2100 in the offshore region are presented. These data are given as boundary conditions to further numerical models (MIKE21 PMS and HD) in order to investigate the spatial evolution of the wave and the hydrodynamic field in intermediate and shallow waters. Finally, the calculated wave height serves as input to empirical formulas and time dependent wave propagation models (MIKE21 BW) to estimate the wave run-up and wave overtopping (EurOtop). It is suggested that the proposed procedure is generic enough to be applicable to any similar region. 2007a,b,c), and to estimate the wave overtopping (EurOtop, 2007) in selected reaches along the coastal zone of Rethymno (Section 5). Section 6 discusses the methodology and presents the main conclusions, important results obtained and suggested areas for further investigation.
Methodology

Rethymno site description
The area under study (Fig. 1) is located at the Prefecture of Rethymno, which is one of the four Prefectures of Crete in Greece. Rethymno city's population stands at 32,468 inhabitants, which characterize it as the third most populous urban area in Crete. Rethymno is the centre of commercial, administrative and cultural activities of the homonymous Regional Unit where most of the human activities are being developed along the coastline of the harbour area. The area, where the methodology will be tested, includes the Port of Rethymno and the adjacent coastal area (a total area of about 14 km 2 with a coastline length of approximately 8 km).
Flooding has always been a serious problem for Rethymno. Major flood events have been encountered throughout the years, resulting in serious damages mainly in the Old Town of Rethymno and the east low-lying areas . Furthermore, changes in wind conditions -potentially due to climatic changes -have resulted in more frequent occurrence of storm events. Extreme weather conditions of strong winds resulting in the creation of storm waves are combined sometimes with flash floods from ephemeral streams. Dire consequence of the extreme waves formulation were the violent wave overtopping along the windward breakwaters of the harbour, as shown in Fig. 5 , threatening the stability of breakwaters and port facilities as well as the safety of human population. An additional severe result of wave overtopping is the flood inundation of the harbour's surface area and the surrounding roads. The quantities of seawater (see figure) that penetrates from the west (Parking area) during those storm events, overflows the harbour's surface area, as well as the wider coastal area, causing disruption to loading and unloading operations, damage to the port facilities and the cargo, traffic problems and damage to coastal shops and restaurants. The adjacent recreational beaches are also exposed to erosion, spoiling the coastal site and affecting the tourism's contribution to local economy.
The combined occurrence of extreme hydro-meteorological events poses a real threat to Rethymno's community and emphasizes the need for specific actionable roadmaps that will enhance the existing infrastructure and operational strategies against the danger of flood by helping stakeholders to identify areas that are sensitive to floods and also to define efficient flood management strategies including engineering, environmental and socio-economic measures for Rethymno.
Description of methodology followed and numerical models chain
The SWAN model is initially used to simulate the offshore wave characteristics (directional spectrum) taking into account the changes of wind climate, followed by the MIKE21 PMS model which is applied for the transformation of the offshore information to shallower regions, up to the coast. Finally, a combination of MIKE21 BW, EurOtop and empirical formulas are utilized for the computation of wave overtopping Figure 1 Rethymno city, Crete, Greece and area of interest. and run-up. The necessary wave condition at the offshore boundary of the local geographical area were derived from a downscaling approach, based on the transformation of global wind fields carrying the effect of climate change and affecting nearshore wave conditions. The latter are subsequently exploited for calculating the changes of wave overtopping and run-up which ultimately causes inland flooding of the coastal region of Rethymno's area.
The offshore wave simulations utilize a 3-level SWANbased scheme (Athanassoulis et al., 2014) Figure 2 Historic flood in Rethymno, October 28th 1991 (Archontakis, 2013) . (Prinos, 2014) which aimed to estimate the effects of climate change on sea level and wave climate of the Greek seas, the coastal vulnerability and the safety of coastal and marine structures. This simulation scheme uses past and future projections climatic wind fields (also produced in the context of CCSEAWAVS) for the estimation of wave characteristics with resolution 0.2 Â 0.2 degrees in the Mediterranean basin (Level 1). These data provide boundary information for repeating the simulation using a finer mesh 0.05 Â 0.05 degrees inside an Eastern Mediterranean subsection (Level 2); see Fig. 6 . Then, a high-resolution 0.005 Â 0.005 degrees mesh is applied in the frames of the present work in the selected coastal region (Level 3). Details of the methodology are described in Athanassoulis et al. (2015) . For evaluation purposes, systematic comparisons with results from the operational WAM-Cycle 4 implementation (courtesy of the Atmospheric Modelling & Weather Forecasting Group, University of Athens) were performed.
illustrated in
Within the present work, the Level 3 results of the offshore wave height, period, and direction are used to distinguish the usual incident waves from the storm surges. This is a An integrated wave modelling framework for extreme and rare eventscrucial step of the whole procedure, since the goal of this paper is to predict the extreme values of wave characteristics. The basic idea is to group storms into classes based on similar characteristics in order to apply the desired simulations for each category. Additionally, this will become valuable information for a future research dealing with the evaluation of coastal vulnerability for each class. Thus, many scientists of coastal study have made efforts to this direction. According to Dean and Dalrymple (2004) the destructiveness of a storm surge depends inter alia on its magnitude and duration and the wind-driven waves. Several attempts have been made after the Saffir-Simpson Scale (Saffir, 1977; Simpson, 1979) for storm intensity in the United States where hurricanes are placed in five classes depending on their central pressure, the maximum wind speed and the surge elevation. Halsey (1986) proposed a classification of Atlantic coast extratropical storms based on damage potential index. Davis (1992, 1994 ) developed a classification of extratropical storms, or northeasters for the middle Atlantic coast, where an index of storm power was based on wave height and storm duration. They grouped and ranked the storms into five classes from weak to extreme, analogous to the Saffir-Simpson scale, using an average linkage clustering method. Concerning recent studies in Mediterranean Sea, Jiménez (2006, 2009) and Mendoza et al. (2011) provided a storm classification based on the beach erosion potential in Catalonian Coast and later for the Yucatan Peninsula (Mendoza et al., 2013) taking into consideration the storm energy and using the cluster analysis. The classification adopted here, is one of the most well-documented and it is based on the concept of the energy content Davis, 1992, 1994) .
The above results are further exploited as boundary conditions for a coastal region phase-resolving simulation including the Rethymno area by means of a numerical wave model, based on the Parabolic Mild Slope equations (PMS, MIKE21). In this way the offshore wave characteristics are further downscaled in Level 4 taking into account additional local phenomena such as shoaling, refraction, bottom friction and wave breaking that take place in shallower water regions. The latter phenomena are well represented in the fine spatiotemporal mesh of Level 4 (as shown in Section 4, Fig. 16 ). The output of the above calculation provides subsequently the input to the hydrodynamic module through which the waveinduced current in the near shore area is calculated.
Ultimate step within Level 4 is the implementation of the empirical formulas and the MIKE21 BW wave model, so that computation of wave overtopping and run-up shall be achieved across the coastline. The latter model solves the so-called Boussinesq type equations in the time domain. It also resolves the wave propagation in detail and is best suited for simulation of nonlinear wave interactions, capable of reproducing the wave transformation across an arbitrary profile from intermediate waters up to the shoreline for the study of surf zone and swash zone dynamics. Herein, the 1D version is used to simulate the combination of setup and run-up whereas the empirical formulas are called for comparison. Additionally EurOtop, a widely accepted tool, is utilized incorporating techniques to investigate flood risk and predict wave overtopping at seawalls, breakwaters and other shoreline structures. This approach including the numerical chain is proposed in the present paper and the chart in Fig. 7 summarizes the above procedure in four discrete steps. Chini and Stansby (2012) , as mentioned in Section 1, presented a similar downscaling procedure for determining wave overtopping depending on water level and nearshore wave height from global climate modelling. From offshore conditions to nearshore, waves were simulated using WAM (WAMDI-Group, 1988 ) and surges were modelled with the continental shelf tide and surge model CS3 (Williams and Flather, 2004) . The nearshore wave propagation was achieved by using the third generation wave spectral model TOMAWAC, solving for the conservation of wave action on an unstructured mesh using the finite element method (Benoit et al., 1996) . Finally, a neural network approach was used from EurOtop to calculate the overtopping discharge at a specific example of a vertical wall. The present approach provides a more integrated approach, providing results for both wave run-up and overtopping.
3. Projections of past and future wave climate (SWAN)
Atmospheric variables and climate change scenario
The wind data used as forcing of the SWAN simulation over Rethymno were also one of the outcomes of the CCSEAWAVS project (Velikou et al., 2014) . Over the northeast Atlantic and Europe, the regional atmospheric model REMO, which is based on the Europamodel/Deutschland model system (Majewski and Schrodin, 1994) , was used in order to get a high resolution atmospheric forcing. Climatic analysis of the Mediterranean and the Greek sea area and eventually estimation of atmospheric variables was achieved by utilizing the RegCM regional model (RegCNET: regional climate network, 2003). Its spatial analysis is 25 km Â 25 km and for the future projections of atmospheric (10 m wind, atmospheric pressure, air temperature) data the model is using the AR4-A1B emission scenario. Past projections for 1960-2000 are based on input from measured carbon dioxide emissions. Enhanced Climatic Analysis Regional climate modelling Hindcasting and forecasting .
Simulation of gene ration an d propagation of offshore wav es with SWAN (downscaling in 3-levels with finer meshes). Categorizatio n of stor m eve nts.
Simulati on of wave propagati on in shall ower water regions (taking into ac count shoaling, re fraction, depth-induced breaking, etc) wi th Parab olic Mild Slope equations (MIKE21, PMS) and corresponding hydrodynamic field (MIKE21, HD).
Calculation of wave over topping discharg e (EurOtop) and run-up (Boussinesq wave model, MIKE21) Figure 7 Flow chart depicting the proposed procedure.
simulated data in the Greek Sea region have also been derived from the new version of RegCM3_10 regional model, with 10 km Â 10 km spatial resolution (Velikou et al., 2014 ) and a nautical chart from the Hellenic Navy Hydrographic Service. In particular, the GEBCO database was used for depths higher than 500 m and digitized nautical chart contours for depths lower or equal to 500 m, along with the digitized coastline (Fig. 8) .
The distribution of significant wave height, wave peak period and mean wave direction at points n depicted in Fig. 8 , for one past and two bi-centurial future periods ) is shown in Fig. 9 . In general, the projected future distributions remain very close to those of the past period. Some weak but noticeable variations are observed during period 2051-2100, with higher occurrence of waves originating from the North sector. Although relatively small, this probability shift towards southward waves can be significant due to the North-facing orientation of Rethymno coast.
The seasonal pattern (mean value for each month) for the same time-periods is illustrated in Fig. 10 . The seasonal pattern is similar for the two parameters, which is expected due to the high correlation between wave height and wave period. Mean values for period 2051-2100 are generally equal or higher to that of the other two periods with the exception of 3 months (October-December). The higher mean value during the last period is also noticeable in Fig. 9 , where a small reduction of the distribution peak is observed for both the significant wave height and peak period, implying an increased mean value due to the lognormal probability form.
3.3. Categorization of storm surge events, joint probability of significant wave height and period, sea level rise
With offshore wave data available, a definition and categorization of storm events can be derived, in order to treat the storm surges in group and not individually and to link them with respective factors of coastal vulnerability in a future research. This is done by following the definition and identification of the storms through the energy content as proposed by Dolan and Davis (1992) . The classification is accomplished into five classes: I -weak, II -moderate, III -significant, IV -severe and V -extreme. The first step before applying this approach is the characterization of the forcing. A storm is defined as the event exceeding a minimum significant wave height (e.g. H s > 2 m) and with a minimum duration of 6 h (Li et al., 2014; Michele et al., 2007) . The threshold of significant wave height (H s ) is considered to be 2 m in order to describe rare events with only 10% of total wave heights and thus defined as the 90th percentile of the data set (Rangel-Buitrago and Anfuso, 2011). The energy content of each event is then calculated as follows:
where (t 1 -t 2 ) is the storm duration and H s is always greater than H s threshold. The above analysis has been divided into two periods: 1960-2000 (past climate) and 2000-2100 (future climate). It has to be noted here that this technique has also been applied by other researchers in regions close to Rethymno (e.g. Chania, Crete Island, Kokkinos et al., 2014) . The analysis is done for the North wind direction since it is the dominant one that generates incident waves to the Rethymno coast.
The results of the average wave height, period and duration in n2 grid point, in Fig. 8 , for each storm class are given in the following Tables 1 and 2 for the North wind direction and in Tables 3 and 4 for the Northwest wind direction. The extracted results came from n2 and n1 grid points, of Fig. 8 , respectively for the two incident directions. Although the result of SWAN program gives an accuracy of 7 decimals for both variables, an accuracy of 1 decimal was selected herein, since it is answered in many engineering applications as well.
Inspection of the below provided results presents that the range of the wave height lies between 2 m (which is the minimum value that has been determined in this paper in order to have a storm event) up to almost 6 m. The specific range appears the same in any storm class which can be attributed to the fact that a storm event can consist of a sequence of small wave heights e.g. 2 or 3 m for long time Figure 10 Seasonal pattern of the significant wave height H s (left panel) and peak wave period (right panel) T p for three time periods, at points ni (i = 1-3) (shown in Fig. 8 ). In order to gain a more integrated view of the future wave climate in the offshore region of Rethymno, the maximum wave height (max H s ) per year for the two periods is also depicted in Fig. 11 as obtained by the wave data in n2 grid point. One can observe that the maximum wave height is close to 8 m. However, this value appears in different wind direction than the North one which is of the greatest interest in the present paper. The maximum wave height coming from North was calculated at 5.95 m as presented in the above table.
Additionally the joint distributions of significant wave height H s and peak wave period T p at n2 grid point of Fig. 12 and 2000-2100 in Fig. 13 respectively. It is observed, through the high values of the corresponding correlation factor r(H s , T p ) that these two wave parameters are well correlated for extreme wave Figure 12 Scatter plots of normalized significant wave heights (H s /H m ) and peak periods (T p /T m ) for period 1960-2000 and for NW and N wind directions. heights. Full dependence between extreme significant wave height and peak wave period is therefore assumed.
Observed storm surge and flood events
Recorded historical wave overtopping events (Galanis, 2010) include events that developed mainly in the port area, whose respective dates are presented in Table 5 . In order to distinguish the class of each of the above storm events the following procedure is applied. Firstly, the fetch effective F eff , is calculated through CEM (2008) for the two dominant directions of wind i.e. North and Northwest, yielding to 281.8 km and 224.5 km respectively. The next step takes advantage of the continuous measurements of wind velocity and wind direction in the area of Rethymno every 3 h by the National Weather Service. These field measurements hold from 1958 up to date. However, the manageable data is limited until the year 2008. Thus, only the first three events of Table 5 can be categorized. In Figs. 14-16 the measured wind characteristics are illustrated.
The mean values of the above events are summarized in Table 6 . It has to be mentioned that 3608 denote the north wind direction, hence the first case is included to the northwest direction while the rest in the north.
Finally, having in mind the F eff and the wind speed, along with the respective duration, the developed characteristic of wave e.g. wave height H s and peak wave period T p were calculated using the SMB wave prediction method (Bretschneider, 1952 (Bretschneider, , 1958 . Each storm event is then classified by applying Eq. (1). The results are given in Table 7 .
As it is observed, the reported storm events are up to the third (III) class for north wind direction and to the first (I) for the northwest, proving that the above classification respond satisfactorily to reality. However, the storm class that derived herein are five (Table 1 ) and two respectively (Table 3) for the two directions, but it should be kept in mind that the above flood events, reported from the residents, are limited and indisputably cannot capture all the events that took place.
Numerical simulation of wave and hydrodynamic field
The bathymetry of Rethymno coastal area is constructed into a grid (Fig. 17) with dimensions 5.5 km Â 6.2 km in x and y axes respectively. The spatial step is chosen dx = dy = 5 m. The bathymetry has been rotated counter clockwise at 908 due to requirements of MIKE21 PMS.
The average values of wave height and period of each storm class are adopted as input data and numerical simulations with MIKE21 PMS are carried out to estimate the spatial evolution of these quantities in the whole coastal area. Consequently, the resulting radiation stresses serve as input to the hydrodynamic module with MIKE21 HD to investigate the spatial evolution of the velocity. The results are depicted in Figs. 18 and 19 for the spatial distribution of significant wave height and in Figs. 20 and 21, for the hydrodynamic field for the total of five storm categories (I-V) in case of north wind direction and for the two storm categories in case of northwest wind direction (I, II). Furthermore, simulations have been carried out for the maximum incident wave as derived by the above analysis. The wave height of it equals to H s = 6.0 m and the peak period is T p = 10 s. These results are also presented in Figs. 18 and 20 for the spatial distribution of significant wave height and the hydrodynamic field respectively.
As it is obvious, from the above figures, one can notice the effect of refraction, as waves approaching the shallower region and the mean wave direction (represented by arrows) tend to be perpendicular to the coastline. Furthermore, diffraction phenomenon is satisfactorily simulated inside the port basin (denoted e.g. by red circle in the bottom, Fig. 20) providing the respective wave disturbance in that area for each storm class intensity. The coloured contours give information for the spatial evolution of wave height and for the breaking line that moves away from the shoreline as the storm class increase since the incident wave height increase as well. In any scenario of the above eight (for each storm class -including the maximum occurred incident wave H s = 6.0 m and for each direction), the magnitude of wave Figure 13 Scatter plots of normalized significant wave heights (H s /H m ) and peak periods (T p /T m ) for period 2000-2100 and for NW and N wind directions. heights in the area of the windward breakwater of the port is significantly greater than the respective approaching the shoreline. This was expected since the energy dissipation from depth-induced breaking in the first case is smaller than the second one. It will be shown in the next section that information about the wave height in this area, calculated by PMS, is essential for the proper calculation of overtopping. As the storm intensity increases, the wave heights increase in the whole domain, generating strongest currents. The basic conclusion of the above figures depicting the hydrodynamic field, lies on the illustration of the most vulnerable sub areas where the magnitude of velocity components increase. Thus, in the sub area of the port and the area west of it, (denoted e.g. by red circles in the bottom above, Fig. 20 ) strongest movement of the currents are observed. This is in accordance with the physical observations where the most flood events are taking place in the respective locations of Rethymno as shown in Figs. 2-5. Another interesting point, that was expected and it is well simulated by the hydrodynamic model, is the generation of more dominant long-shore currents in the case of northwest direction, since the oblique wave incidence lead to greater values of radiation stresses (denoted e.g. by red circle in the right of Fig. 21 ). Unfortunately, these valuable results of the hydrodynamic field certainly affecting run-up and overtopping cannot be incorporated in the majority of numerical models, capable of predicting these processes, as boundary conditions, especially in one horizontal dimension models. Nonetheless, the simulation of spatial evolution of current velocities in one hand give a more integrated picture of the physical processes taking part in Figure 17 Numerical grid of Rethymno's bathymetry. Figure 18 Spatial distribution of significant wave height (H s ) for storm classes (SC) I to V and for the maximum occurred incident wave H max = 6.0 m for the north direction. Arrows denote the mean wave direction. The colour legend of wave height contours is identical for all classes.
the real field and cannot be avoided and on the other hand it is necessary for prediction of sediment transport in the area, which is a work on progress.
Wave overtopping and run-up
By taking advantage of the simulated wave propagation into shallower water regions and the corresponding nearshore wave characteristics, the wave overtopping and run-up can be estimated at any desired profile of the whole field under study.
Bathymetric profiles and chosen section
The wave run-up is calculated at two bathymetric profiles, arbitrarily chosen but representative of the mean profile of sea bottom in the area of interest, east and west of the port ( Fig. 22 ) with a mean bottom slope equals to 3%. While the overtopping is calculated at section A-A 0 of the port (Fig. 23 ) which is a characteristic section of the current port constructions, consisting of an upwind breakwater and a vertical quay wall in the leeside, it must be underlined that the proposed methodology can be proved really useful for redesigning future protection projects since the estimation of overtopping and run-up is available, with no extra time or computational cost.
Wave run-up
Wave run-up, Ru [m] is the extreme vertical height of the wave on a beach, and it is affected by the wave setup and swash. This quantity can be estimated through the following ways:
1. Empirical formula as derived by Stockdon et al. (2006) Ru¼1:1
where tan b is the beach slope and L 0 is the deep water wave length associated to the wave peak period T p for each storm (all values are in m). 
where j is the Irribaren number defined as: j ¼ Table 8 . Inspection of the above results proves a deviation between the methods of runup calculation for each storm class. In the present paper the latter method of numerical modelling is proposed, since it is based on a Boussinesq model simulating the time-dependent propagation of the wave train taking into account the changes in bathymetric profile and not just the bottom slope, thus, it is closer to real life sea state.
Wave overtopping
Calculation of mean overtopping discharge rate is the last step of the methodology, but of primary importance since it enables further estimation of the inland flooding due to storm events. By inserting wave characteristics i.g: wave height at the toe of the structure (H m0 ) and wave period (T) and geometrical characteristics i.g: the height of the crest of the wall above still water (R c ); the width of the structure crest G c ; the coefficient for reduction factors (g) depending Figure 19 Spatial distribution of significant wave height (H s ) for storm classes (SC) I and II for the northwest direction. Arrows denote the mean wave direction.
on the permeability, into the EurOtop tools (EurOtop, 2007) , such as parametric equations and artificial neural networks one can calculate the overtopping. The section A-A 0 depicted in Fig. 22 is similar to the one of Fig. 24 and thus one can calculate the mean discharge rate per metre run of seawall Q [l s À1 m À1 ] as shown in Table 9 . As it was expected, wave run-up and overtopping discharge increase as the intensity of the phenomenon increases. Nonetheless, the rapid increase of the overtopping for the extreme class (V) of the storm is worth of mentioning.
Discussion and conclusions
There is a growing interest in the development of reliable scenarios (future projections) for climate change affecting inter alia the frequency of storm surge events, the magnitude of wave heights, stronger currents and sea level rise. The above phenomena increase the flood risk for coastal areas and induce morphodynamic changes and as such their study is crucial for design and construction of climate resilient protection works. In this paper, an integrated approach is proposed to calculate the wave overtopping and run-up through a chain of numerical tools starting from regional climate change models and ending nearshore. The first discrete step consists of climatic projections of wind forcing based on a potential emission scenario (e.g. AR4-A1B) and afterwards the simulation of offshore wave generation and propagation. It is expected that further emission scenarios will be selected and applied in the future to provide a more comprehensive picture of the future situation.
The proposed approach includes the categorization of storm events to avoid (i) individually handling of every event and (ii) to arrive at consolidated results. This was undertaken using an energy concept. Field data measurements of wind velocities and direction up to year 2008 were used to verify Figure 23 Selected cross section of the breakwater for estimation of wave overtopping. Figure 24 Definition sketch of breakwater cross section A-A 0 .
the outcomes of the model, showing a satisfactory correspondence concerning the classification of storm events. However, more reported storm events from 2008 up to date must be taken into consideration as soon as the relevant wind data are available from the National Weather Service. The results of wave and hydrodynamic field simulations, by the means of a Parabolic Mild Slope model and a Hydrodynamic model, showed a good performance able to account for the spatial evolution of wave heights and velocity currents respectively. The modelled area, where wave breaking is more intense (on vertical fronts) and the generated currents become stronger, agrees fairly well with the field observations i.e. the port area of Rethymno, where the majority of coastal floods are reported. Finally, the implementation of Boussinesq model and EurOtop provides an advantage towards the accurate calculation of wave run up and overtopping respectively.
It can be argued that this procedure has a broader application range and can be adopted in any coastal region. The discrete steps, described in the methodology, can be adapted for any climate change scenario, bathymetry and topography of the potential coastal area of interest. We suggest that further research efforts should follow two main, interesting, directions: The first one would include the simulation of flooding within the urban areas by means of a hydrodynamic model, based on wave overtopping and run up results, and by taking into account current urban geometry (buildings, drainage, topography, etc.) but also possibly future urban form resulting from urban growth simulations (Bouziotas et al., 2015) . The second direction is to embed the results into National and/or Local authorities planning policies, possibly using a collaborative knowledge co-production approach (Evers et al., 2012) to investigate options for flood risk management practices based on the calculated vulnerability of the coastal area.
